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Abstract

Northern peatlands are a large C stock and often act as a C sink, but are susceptible to climate warming. To understand
the role of peatlands in the global carbon-climate feedback, it is necessary to accurately quantify their C stock changes and
decomposition. In this study, a process-based model, the Peatland Terrestrial Ecosystem Model, is used to simulate pan-Arctic
peatland C dynamics from 15ka BP to 1990. To improve the accuracy of the simulation, spatially-explicit water run-on and
runoff processes were considered, four different pan-Arctic peatland distribution datasets were used, and a spatially-explicit
peat basal date dataset was developed using a neural network approach. The model was calibrated against 2055 peat thickness
observations and the parameters were interpolated to the pan-Arctic region. Using the model, we estimate that, in 1990, the
pan-Arctic peatlands soil C stock is 396-421 Pg C, and the Holocene average C accumulation rate was 22.9 g C*m-2 yr-1. Our
estimated peat permafrost development history generally agrees with multi-proxy-based paleo-climate datasets and core-derived
permafrost areal dynamics. During 500 BP to 1990, the pan-Arctic region went through the Little Ice Age and Anthropocene
warming. Under Anthropocene warming, in the freeze-thaw and permafrost-free regions, the peat C accumulation rate decreased,
but it increased in permafrost regions. Our study suggests that if current permafrost regions switch to permafrost-free conditions
in a warming future, the peat C accumulation rate of the entire pan-Arctic region will decrease, but the sink and source activities
of these peatlands are still uncertain. permafrost. Under Anthropocene warming, in the freeze-thaw and permafrost-free regions,
the peat C accumulation rate decreased, but it increased in permafrost regions. This result suggests if permafrost regions switch

to permafrost-free conditions, the peat C accumulation rate of the entire pan-Arctic region will decrease.
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Key points:

@ Spatially-explicit peat basal age, peat expansion and runoff-runoff are considered for pan-Arctic
Holocene simulation

® The pan-Arctic peatlands soil C stock is 396-421 Pg C, and the Holocene average C accumulation
rate was 22.9 g C-m2yrt

® If current permafrost regions thaw, the peat C accumulation rate of the entire pan-Arctic region will
decrease

Abstract

Northern peatlands are a large C stock and often act as a C sink, but are susceptible to climate
warming. To understand the role of peatlands in the global carbon-climate feedback, it is necessary to
accurately quantify their C stock changes and decomposition. In this study, a process-based model, the
Peatland Terrestrial Ecosystem Model, is used to simulate pan-Arctic peatland C dynamics from 15ka
BP to 1990. To improve the accuracy of the simulation, spatially-explicit water run-on and run-off
processes were considered, four different pan-Arctic peatland distribution datasets were used, and a
spatially-explicit peat basal date dataset was developed using a neural network approach. The model was
calibrated against 2055 peat thickness observations and the parameters were interpolated to the pan-
Acrctic region. Using the model, we estimate that, in 1990, the pan-Arctic peatlands soil C stock is 396-
421 Pg C, and the Holocene average C accumulation rate was 22.9 g C-m yr. Our estimated peat
permafrost development history generally agrees with multi-proxy-based paleo-climate datasets and
core-derived permafrost areal dynamics. During 500 BP to 1990, the pan-Arctic region went through the
Little Ice Age and Anthropocene warming. Under Anthropocene warming, in the freeze-thaw and
permafrost-free regions, the peat C accumulation rate decreased, but it increased in permafrost regions.
Our study suggests that if current permafrost regions switch to permafrost-free conditions in a warming
future, the peat C accumulation rate of the entire pan-Arctic region will decrease, but the sink and source
activities of these peatlands are still uncertain.

Plain Language Summary

In this study we used a process-based model, the Peatland Terrestrial Ecosystem Model, to
simulate pan-Arctic peatland C dynamics from 15ka BP to 1990. We considered spatially-explicit water
run-on and run-off processes, peat basal age and peat expansion process. The simulation shows that in
1990, the pan-Arctic peatlands soil C stock is 396-421 Pg C, and the Holocene average C accumulation
rate was 22.9 g C-m2 yrt. During Little Ice Age cooling period and Anthropocene warming, part of pan-
Arctic region developed permafrost and thawed, part always had permafrost, and part do not have
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permafrost. Under Anthropocene warming, in the freeze-thaw and permafrost-free regions, the peat C
accumulation rate decreased, but it increased in permafrost regions. This result suggests if permafrost
regions switch to permafrost-free conditions, the peat C accumulation rate of the entire pan-Arctic
region will decrease.

1. Introduction

Northern peatlands (north of 30°N) comprise a soil C stock of 415+150 Pg C (Turunen et al.,
2002). The Arctic region has been experiencing around three times the global average warming (Allen et
al., 2018; Gistemp-Team, 2021)( which might increase regional peatland C release due to the
acceleration of peat decomposition (Frolking et al., 2011; Gallego-Sala et al., 2018). In addition to the
direct influence of temperature on decomposition, peatlands are also susceptible to indirect influences of
climate change and anthropogenic activities. For example, peatland drainage lowers peatland water table
and increases decomposition (Huang et al., 2021; Qiu et al., 2021) and peatland fires result in large
carbon emissions (Turetsky et al., 2015). Warming-derived permafrost thaw also releases previously
frozen soil C, increases dissolved C loss (Gandois et al., 2019), and shifts the microbial community to
one that benefits methane emissions (Mccalley et al., 2014).

Peatland C accumulation in permafrost-affected regions under a changing climate is influenced
by permafrost dynamics. As permafrost thaws, C in newly thawed soil becomes susceptible to anaerobic
and aerobic decomposition (O’donnell et al., 2012; Turetsky et al., 2002). Permafrost thaw can also
enhance soil C loss via the outflow of dissolved organic C (Hugelius et al., 2020; Plaza et al., 2019).
Several studies have modelled permafrost thaw and subsequent peatland C dynamics under climate
warming, indicating that permafrost thaw will cause peats to be a weaker sink of 0.1 kg C-m™ or a
source of up to 3 kg C-m™2 during 2015 to 2100 from sporadic and discontinuous permafrost peatlands
by 2100 (Jones et al., 2017; Treat, Jones, Alder, et al., 2021). While modeling studies have focused on
future permafrost dynamics and their impacts on C balance in the pan-Arctic (Chaudhary et al., 2017;
Mcguire et al., 2018), peatland C dynamics impacted by permafrost changes are less studied. Core
reconstruction data suggests that pan-Arctic peats went through periods of permafrost aggregation and
degradation during the Holocene and that significant permafrost thaw has occurred in the past 300 years
(Treat & Jones, 2018). However, less is known on how these peatlands will respond to permafrost
dynamics in the region.

Understanding the role of peatlands in future carbon-climate feedbacks is challenging for several
reasons, including limited information on peatland distribution and peatland dynamics and a limited
number of observational records on peatland initiation time. Modeled peatland spatial extent also has
large uncertainties (Qiu et al., 2019; Stocker et al., 2014). In this study, we use a process-based model,
the Peatland Terrestrial Ecosystem Model (PTEM), to quantify northern peatland C dynamics by
addressing these uncertainties. Current PTEM does not simulate peatland spatial extent dynamics. A
previous PTEM simulation study used a fixed peatland area and uniform peat initiation age in the North
America, resulting in considerable uncertainties in the estimation of present-day North America peatland
C stock (Zhuang et al., 2020). Recently, Chaudhary et al. (2020) generated a spatial map of peatland
basal initiation dates for the pan-Arctic region by interpolation from existing datasets of observed basal
initiation dates (Gorham et al., 2007; Korhola et al., 2010; Macdonald et al., 2006). However, this
method does not give spatially-explicit information on peatland dynamics. Here we address these
problems using the following approach: a) for peatland coverage, three northern peatland coverage maps
are selected (Hugelius et al., 2020; Melton et al., 2022; Xu et al., 2018), and the soil C stock is estimated
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based on different observation-based datasets and the mean of these datasets, respectively; b) a spatially-
explicit pan-Arctic peatland expansion trend is established; and (c) we use a machine learning approach
to estimate peat initiation year across the pan-Arctic with models trained with observed basal dates.

To examine the impacts of permafrost development history on C cycling, we revised PTEM
(Zhao et al., 2022). Compared with the version in Zhuang et al. (2020), the revised PTEM can simulate
peat thickness and has an improved soil thermal module (STM) which more accurately simulates the
active layer thickness (ALT) dynamics at the site level (Zhao et al., 2022). By comparing peat thickness
and ALT, it is possible to simulate peatland permafrost aggregation and degradation through time and
analyze the C dynamics corresponding to different permafrost states. This analysis of peatland responses
to past climate changes can aid understanding of future peatland C dynamics.

The most recent version of PTEM in Zhao et al. (2022) does not simulate water run-on from the
surrounding watershed or lateral water outflow. However, run-on and run-off influence water table
depth (WTD) directly (Glaser et al., 2016), transport nutrients in and out of peatlands (Limpens et al.,
2006), influence soil pH (Griffiths et al., 2019) which is highly related to CH4 production (Zhuang et al.,
2004), and also influence net N mineralization in both PTEM and experiment (Gao et al., 2016). As peat
accumulates vertically, there tends to be a decline in run-on and an increase in run-off, thereby WTD
often becomes deeper and fens transition into bogs (Weiss et al., 2006). Meanwhile, with less run-on,
the pH of peatlands tends to become lower (Koerselman et al., 1993). With less nutrients brought in by
ground water, lower N availability also reduces productivity and decomposition rates (Ojanen et al.,
2019; Song et al., 2018). In PTEM, when doing site-level simulations, the transition between fens and
bogs and the corresponding decline in productivity and decomposition can be obtained or calibrated
from a peat core profile (Zhao et al., 2022). At a regional level, it is also necessary to model the impacts
of run-on and run-off dynamics.

Built on the extant PTEM and current understanding of northern peatland thermal, hydrological,
and C dynamics, this study: (a) revises PTEM to simulate grid-specific water run-on and run-off; (b)
simulates peatland initiation and expansion for each grid cell, and estimates the time-varying peat C
stock with different peatland coverage datasets; (c) reconstructs the history of peatland permafrost
aggregation and degradation, and (d) analyzes peat C dynamics through the Holocene under different
permafrost existence conditions in northern peatlands from initiation to 1990 (Fig. 1).

2. Methods
2.1. Peatland Model Overview

PTEM simulates peatland dynamics at a 0.5°x0.5° resolution. In a previous work (Zhao et al.,
2022), PTEM was revised to improve the representation of biogeochemical processes of peatlands. In
particular, PTEM models the vegetation C and N pools considering three plant functional types (PFTSs):
moss, herb and shrub/small trees. Total litter N from the three PFTSs is converted into inorganic form by
net N mineralization. Net N mineralization influences the amount N available to vegetation, and thereby
total productivity of three PFTs. Monthly total litter C from the three PFTs is the monthly litter C input.
As litter C from different PFTs will have various decomposition rates, the mean decomposition rate of
the monthly peat litter input is the average of three decomposition rates, weighted by the fraction of
monthly litter C from each PFT. The peat is divided into 1cm layers from peat bottom to the top, while
the top layer can be thinner than 1cm. In each month, new litter C is added to the top layer and peat in
all layers decompose. This process usually makes the top layer thicker and the other layers thinner.
Thereafter, the layer thicknesses from the bottom to the top are added to get the new peat thickness.
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128  Next, the peat is re-interpolated into 1cm layers and the soil bulk density, soil C content, fraction of
129  remaining original litter and decomposition rate are re-calculated for each layer.

130 Decomposition in PTEM includes aerobic and anaerobic decomposition. Aerobic decomposition
131  mainly occurs above the water table and is influenced by that layer’s temperature and moisture. In

132 PTEM, a monthly soil thermal module (STM) calculates soil temperature in a 25-layer profile with the
133 deepest layer 43.5m below surface (Zhuang et al., 2001). PTEM assumes the top layer is a 10cm moss
134  layer, followed by a soil organic layer. The depth and soil water content of the organic layer in STM is
135 updated monthly, thereby influencing the soil thermal properties. The temperature in each 1cm peat
136  layer is interpolated from the soil thermal profile derived from STM. Soil moisture is calculated by a
137 monthly hydrology module (HM). PTEM divides the soil profile into three hydrological layers: moss,
138  organic and mineral. Water flows vertically from upper to lower layers, and soil moisture in each layer
139 s calculated. Water table depth is calculated by the algorithms in Granberg et al. (1999), which is a
140  function of volumetric moisture in the moss (10cm in this study) and top organic layer (25cm in this
141  study). Above the water table, the effect of soil moisture on aerobic decomposition is modeled to

142 decrease exponentially with the distance between the peat layer and water table. Below the water table,
143 decomposition is dominated by anaerobic processes and the decomposition rate is influenced by

144 temperature and soil pH. Soil pH switches from 6.5 to 4.2 as fens transition to bogs (Zhao et al., 2022).
145  The PTEM fen-bog transition at site-level happens when peat thickness exceeds a certain threshold
146  determined by peat core profiles. As fens shift to bogs, the maximum C assimilation rate of peatlands
147  and litter C decomposition rate of each PFT will decrease by certain fractions, which were calibrated
148  from peat core profiles. At the pan-Arctic level, we assume fen-to-bog transition happens as water run-
149  on declines, leading to lower soil pH (Section 2.2).

150 2.2 Water run-on and run-off

151 Water run-off is modelled with the physical equation proposed by Weiss et al. (2006):
152 Ropy = — 8 X myq, x 1000 1)

153 where R, is run-off (mm-mont), T, is transmissivity (m?-dt), w is the vertical width of the

154  hydrological active layer (m) within which WTD fluctuates, dh/dl is the local slope of the water table,
155  Ais the unit horizontal area and m,,, is the number of days within a month. Transmissivity (T;.) is
156  given by:

157 T, = aq,e("bezwo) 2

158  where a, (m?d?) and b, (m™) are parameters given by Granberg et al. (1999), z,,, is WTD (m, negative
159  values down from the peat surface).

160 The GMTED 2010 global 1km resolution DEM data and 1km resolution monthly WTD products
161  Fanetal. (2013) were used to derive the local water table slope. The Fan et al. (2013) dataset was

162  selected because it is based on numerous observations and gives a reasonable estimation of Alaska and
163  Canada wetland areas. Notably, this dataset does not consider any impact of water pumping or drainage
164 onWTD (Fan et al., 2013). For each 0.5°x0.5° grid, the 1kmx1km grids with WTD shallower than

165  0.25m were picked as wetland grids. In particular, for each of these 1kmx1km wetland grids, the local
166  slope of the water table (dh/dl) in eight directions (corresponding to eight neighboring grids) were

167  calculated. Since water table slope is defined as dh/dl along the direction of maximum water head

168  decrease (Cheremisinoff, 1997), the maximum value is picked as the local water table slope. In
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particular, dl is 1km or +/2km depending on the relative location of the two grid cells. dh is the
spatially-explicit difference between WTD in two grids:

dh = (Hy + zy1) — (Hy + Zye2) 3)

where H, are H, are the elevation of two adjacent grids (m), z,,;; and z,,;, are the WTD of two
adjacent grids (m, negative values suggest below surface), with grid cells indices specified so that dh is
always positive. The local water table slope of all Lkmx1km grid cells within a 0.5°x0.5° grid were
averaged to get that grid cell’s mean wetland water table slope. Twelve monthly local water table slopes
were calculated for each 0.5°%0.5° grid corresponding to twelve months in the WTD product, and the
annual average was used in the long-term simulation. This grid-specific wetland mean annual water
table slope is assumed as constant throughout the simulation.

The algorithm for calculating run-on was adopted and simplified from the Holocene Peatland
Model (HPM) (Frolking et al., 2010), which assumes run-on declines with peat thickness in a sigmoid
function:

_ Ronmax (4)
1+exp(arXzpeat+br)

RO‘I’L

where R,,, is run-on (mm-mon), Ron,,,, is the maximum run-on of each 0.5°x0.5° grid, a, (cm™) and
b, are fitting parameters and z,, is peat thickness (cm). Ron,,,, was estimated by the maximum run-
off from eight surrounding 0.5°%0.5° grids calculated by Eq. (1), and is a constant for each grid cell. To
estimate a,- and b,., spatially-explicit trend lines were established describing the decline of run-on with
peat thickness, using the Matlab fitglm function (Appendix Fig. 1). Such a trend line requires at least
three peat thickness and run-on pairs to get an effective estimation. These three points are (1) when peat
thickness is Ocm, run-on is assumed to be Ron,,,,,; (2) under present-day peat thickness, the present-day
run-on is available from calculation; (3) assume when peat thickness is 15m, run-on is 0 mm-mon.
15m-peat thickness is chosen because the thickest peat record in Treat, Jones, et al. (2016b), Hugelius et
al. (2020) and Loisel et al. (2014) is 1460cm. In addition, we also assume run-on declines from Ronmax
by 5% when peat thickness is 30cm to improve fitting performance. Therefore, the only unknown pair is
the current peat thickness and current run-on. Before the simulation was run, we did not have our own
estimate of current peat thickness. Therefore, we used an available dataset (Hugelius et al., 2020),
aggregated to 0.5°x0.5° grid to get grid-average peat thickness. In order to estimate current run-on, the
WTD product in Fan et al. (2013) was used as a reference. The 1km resolution WTD in Fan et al. (2013)
was aggregated to 0.5° resolution, and the WTDs of wetland grids (defined as WTD <= 0.25m in Fan et
al. (2013)) were averaged as the mean wetland WTD in each 0.5°x0.5° grid. Next, a short-term PTEM
simulation with no run-on or run-off was conducted from 1958 to 2000 to correspond to the period in
Fan et al. (2013), and the spatially-explicit long-term growing season WTD was calculated. If the
spatially-explicit simulated long-term growing season WTD was shallower than the reference growing
season WTD, then the grid should have net run-off and therefore be bog-dominated, otherwise it should
be run-on and fen-dominated. The WTD-related parameters in PTEM were adjusted manually such that
the area fraction of fen-dominated grids agreed with literature (this study: 0.335 vs. Treat, Jones,
Brosius, et al. (2021): 0.339 in Canada and Olefeldt et al. (2021): 0.343 in boreal-Arctic region). PTEM
WTD algorithm is based on Granberg et al. (1999), and the way to calculate total volumetric soil
moisture under the reference WTD is:
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VtOtref =0 Xzp— Zwtrefveg X 7e Zwt = Zg smin (5)
P—0Osmi
VtOtref =0 X 2zp + Zyy ref veg X — Zywt > Zg smin

—05.,.:
q, = T min (6)
6 smin

where Vtot,.. is the total volumetric soil water content (m®) corresponding to the reference WTD, @ is
the total porosity of peat above active layer w, z,, is the lowest WTD (m), 8s,,;,, is the lowest volumetric
soil moisture at moss surface (the moss layer surface in this study, m® m), zg ¢nin is the thickness of
the moss layer and a,, is the slope of linear decrease of soil volumetric moisture in the vegetation layer.
Zyt ref veg 1S the reference WTD below the moss surface (m):

Zwt ref veg — Zwtref — 246 smin (7)

where z,,; rr is the wetland WTD derived from Fan et al. (2013), here used as a reference dataset. The
total volumetric soil moisture under the simulated WTD is:

VtOtSim = VSMlSlm X Zg smin + VSMZSlm X w (8)

where Vtot,;,, is the total volumetric soil water content (m®) corresponding to the simulated WTD,
VSM1g,, is the simulated volumetric soil moisture (m3 m) of the moss layer, VSM2g;,, is the
simulated volumetric soil moisture (m3 m) of the active thickness in the peat layer in PTEM
hydrological cycle. The difference between volumetric soil water content (mm) under Fan (2013)
wetland WTD and under simulated WTD is:

Awater = (Vtot,er — Vtotgy,) X 1000 9

The growing season monthly average run-off (R s ¢ ref, mm-mont) is still given by Eq. (1), and
the growing season monthly average run-on (mm-mon-?) is:

Ronrer = Awater + Ry res (10)

This value is used in the current run-on and current peat thickness pair to estimate a,- and b, in Eq. (4).
The dissolved nitrogen entering the peat is:

Nyater = Ronmon X Ncontyrouna + Penrough mon X Ncontygin (11)

where N,,4¢. is the monthly nitrogen brought into peat water via run-on and precipitation (g - mon™),
Ron mon iS the monthly run-on (mm-mont), Ncontg,ouna 1S the nitrogen concentration in ground water
(@ - mm™), Prnrough mon 1S the monthly precipitation that travels through the canopy and arrives at the
ground (mm-mon™?), and Ncont,;,, is the nitrogen concentration in rain water (g - mm™) (Appendix
Table 1). In addition, peatland pH is assumed to decrease simultaneously as run-on declines, and the
trend is derived from Eq. (4):

PHmax—PHmin
R,, = pH,; 12
on PHmin t 1+exp(arXzpeqt+br) ( )

where pHp, and pH,y,,, are the minimum and maximum pH of peatlands (Appendix Table 1), a,, Zyeqt
and b, are the same as in Eq. (4).
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2.3 Peat initiation

To estimate the basal dates of the grids without available records, a neural network (NN)
approach was used (Pedregosa et al., 2011). First, the training data were obtained and processed. Peat
basal date data in Loisel et al. (2017), Treat, Jones, et al. (2016c), Treat, Jones, Brosius, et al. (2016) and
Yu et al. (2010) were used, selecting only dates with site latitude >= 45°N and basal date <= 15ka BP (n
= 8590). These points were grouped into 0.5°x0.5° grids and the oldest basal date in each grid cell was
selected (n = 1643) (Fig 2(a)). Independent variables selected to train the NN model included mean
annual temperature (°C), precipitation (mm-day™), CO concentration (ppm), latitude and longitude, and
peat existence (0/1) was the dependent variable. Temperature, precipitation and CO> concentration were
chosen because they directly influence plant productivity and litter decomposition. Latitude and
longitude were chosen because peat plant establishment is related to plant propagule migration from
nearby grid cells and is likely to show spatial-autocorrelation (Gorham et al., 2007). The temperature,
precipitation and CO2 concentration data originate from the decadal TraCE 21ka dataset (He, 2011) and
were interpolated to 0.5°x0.5° grids. For each grid cell, a set of input data consisted of five independent
variables and one dependent variable was generated for each decade from 15ka BP to 1990. This
resulted in 1504 sets of training samples for each grid cell and 2,471,072 sets for all grid cells, which
were likely to be sufficient to train the model.

The second step was to train a multi-layer perceptron (NN) model. There were three hidden
layers with 16, 64 and 10 nodes in each layer, respectively. In addition, an activation layer was added
and the hyperbolic tangent function was selected as the activation function. Eighty percent of these
input data were randomly chosen to train the model and the rest were testing samples.

Third, the NN model was applied to the grids without basal records and basal dates were
calculated from the NN model outputs. For each grid cell, the model outputs were a time series (10-yr
time step) of Os and 1s, and the peat basal date was defined as the time when outputs switch from 0-
dominated to 1-dominated. In order to find this transition, the time series was fitted by Matlab fitglm
function and two fitting coefficients were derived for each grid cell (Suppl. Fig, 2). In cases in which the
calculated basal dates were older than 15ka BP or younger than 1990 (425/24903 grid cells, 1.7%), an
alternative algorithm was used. Assume i is the decade number between 15ka BP and peat initiation,
(1504-i) is the decade number between peat initiation and 1990, n pos is the number of 1s in the output
time series, p11 is the precision score of the model (i.e., the ratio between the true positive number and
the total predicted positive number), and p01 is one minus p11 (i.e., the ratio between the false positive
number and the total predicted positive number), then n pos can be calculated as:

npos =i X p01 + (1504 — i) x p11

npos—pl1x1504

soi= e~ (13)
Finally, the basal date (yr BP) corresponding to decade i is:
basal = (1500 — i) x 10 (14)

2.4 Peat expansion

PTEM does not simulate peatland areal shrinkage and expansion within a simulation grid, and
spatially-explicit peat expansion in this study originated from downscaling a pan-Arctic peatland
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expansion trend. At the pan-Arctic scale, the cumulative distribution function (CDF,.,) of peat basal age
of 0.5°x0.5° grids was fitted to a logistic function (Fig. 2(d)):

1
1+exp[acx(15000—basal)+b,]

CDF,q4(basal) = (15)

where a, and b, are fitting parameters, and basal is the peat basal date in year BP. This CDF describes
the trend of peat expansion at the regional scale, and we assumed that the same trend is applicable to the
peat expansion in each single grid since initiation (Appendix Fig. 4(a)):

fpeat(yr) =0 yr < basal
1
fpeat(yr) =

1+exp[acx(15000—yr)+b,]

(16)

yr = basal

where f,.q¢ is the ratio between peat coverage in yr (year) compared with the current peat coverage,
and yr is the simulation year in BP. In the final year of simulation this gives:

Z;'lzl fpeatj(yr) = CDFq (yr) Xn (7

where fr,.q¢ j(y7) is the ratio between peat coverage in yr to the current peat coverage in grid j, and n is
the number of grids included in the simulation.

2.5 Pan-Arctic calibration

For a regional simulation, calibrating model with a few sites and applying the parameters to the
whole region can cause considerable uncertainties, especially for a 15ka simulation. The estimation of
run-on is also likely to introduce uncertainties due to the dependence on other model-based datasets (i.e.,
Fan et al. (2013); Hugelius et al. (2020) and the hypothetical run-on and peat thickness relationship. To
reduce these uncertainties, we calibrated PTEM with numerous peat thickness records and interpolated
the parameters to the pan-Arctic region using the Kriging method in ArcMAP 10.7. In particular, the
peat thickness records were obtained from Treat, Jones, et al. (2016c), Hugelius et al. (2020) and Loisel
et al. (2014) (n = 7812). These records were grouped into 0.5°x0.5° grids and the thickest peat record in
each grid cell was selected for calibration (n = 2055). Peat thickness was chosen for calibration because
it has the most records and can approximately represent the peat soil C. A previous study simulating peat
C accumulation with PTEM at the site level (Zhao et al., 2022) indicates that there are four important
parameters for peat C accumulation: maximum C assimilated by the ecosystem (Cmax) and heterotrophic
respiration (Rn) at 0°C for the three plant functional types (kq for moss, herb and shrub/small trees,
respectively). However, with only one peat thickness data value in each grid cell, it’s not reasonable to
calibrate four parameters. Therefore, the kq values were calibrated against the flux tower-based
ecosystem respiration at the Zackenberg, Greenland fen site for 2008-2016 (L6pez-Blanco et al., 2020)
(Appendix Fig. 3) and applied to the whole region, while the Cmax values were calibrated for the 2055
grids and then spatially interpolated. The calibration was conducted with Model-Independent Parameter
Estimation (PEST, v17.2 for Linux) and the correlation coefficient (r?) between the observed and
calibrated peat thickness is 0.94 (Fig. 3).

2.6. Preliminary model simulations of peat depth-area fraction relationship

In PTEM, peat is assumed to be a column of unit area which is vertically divided into 1cm
layers, and the soil C, CO, and CHa production are calculated for each layer. However, when
considering peat expansion, peat vertical profile is no longer a rectangle, but an irregular shape
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described by peat thickness and area relationship (Appendix Fig. 4(d)). Therefore, for a given month, the
total soil C, CO, and CH4 production are:

S0Cor = 7i1=1 SOC; X fpeati (18)
CO3 tor = Z?:l COy; X fpeat i (19)
CHy tor = Z?:l CHyy X fpeat i (20)

where SOC,o¢, CO, 1o and CH, .o, are the total soil C (g C:m2), CO2 emission (g C:m2 mon) and CHa
production (g C-m2 mon), SOC;, CO,; and CH, ; are the soil C, CO, emission and CH4 production in
layer i, n is the number of layers and f,.q. ; is the ratio between peat coverage in layer i compared with
the final peat coverage at the top layer (Appendix Fig. 4(d)). As a result, it is necessary to get the f,eq: ;
for each layer i. In order to get this information, a preliminary PTEM run was conducted to map the
relationships between peat thickness and time, which was used to find the time when peat thickness first
exceeds i cm (yr;) (Appendix Fig. 4(b) & (c)):

thick; = h(yr;)
yr, = h™" (thick;) (21)

where thick; is integer peat thickness, i is the index of the 1cm peat layer corresponding to thick;. For
each given layer i and thick;, fyeq:; Was calculated by substituting yr; into eq. (15) (Appendix Fig.
4(d)). Afterwards, a second PTEM run was conducted with total soil C, CO2 emission and CH4
production calculated as eq. (18-20).

2.7 Model input data and simulation analysis

PTEM requires monthly temperature (°C), precipitation (mm-mon™), cloudiness (0-1) and vapor
pressure (hPa) as climate inputs. For the short-term WTD simulation, the climate data was derived from
CRU v4.03. For the Holocene simulation, the climate inputs were derived from monthly TraCE 21ka
dataset (He, 2011). In particular, vapor pressure data were calculated from TraCE 21ka relative humidity
and temperature, and all four climate inputs were bias-corrected by CRU v4.03 data (Zhao et al., 2022).
In addition, PTEM requires atmospheric [CO2] as an input, which was derived from the TraCE 21ka
dataset. The other inputs include spatially-explicit soil texture (Fao/Unesco, 1974) and elevation
(Zhuang et al., 2002).

Uncertainties in the peatland C stock partially arise from uncertainties in peatland coverage.
Since PTEM does not simulate peatland coverage, we use three different maps covering the pan-Arctic
region (Hugelius et al., 2020; Melton et al., 2022; Xu et al., 2018). All maps were aggregated into
0.5°x0.5° grids with spatially-explicit peatland abundance, and their average was used as a fourth map.
The simulated results were mapped over different peatland extents to get a range of regional soil C and
soil C decomposition.

3. Results
3.1 Estimates of regional peat basal dates

We use 24901 grids in the region for model simulation, 23478 of them have predicted basal
dates. In Eurasia, with insufficient training data, the predicted basal dates show unrealistic latitudinal
patterns (Fig. 2(b)). However, most of these patterns are located in the region with low peatland
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coverage, and so should have limited influence on our regional simulation results (Fig. 2(c)). When
applying the model to the testing datasets, the accuracy of the neural network model is 0.88, and F1
score is 0.89, precision score and recall score are 0.87 and 0.90, respectively, indicating the model
predicted peat existence with relatively high accuracy. When applying the model with training datasets,
the model accuracy, precision score and recall score are the same as applying to the testing datasets.
Therefore, no over-fitting was detected in the model. The correlation coefficient (r?) between the
cumulative distribution function (CDF) of the training and predicted datasets is 0.99 (Fig. 2(d). The CDF
suggests that most of the peat initiated during 11ka BP-4 ka BP.

3.2 Regional soil C stocks and C fluxes

The simulated C accumulation rate (CAR) is first compared with other estimates from literature
(Loisel et al., 2014; Nichols & Peteet, 2019). The CAR is 22.9 g C-m yr! during 15 ka BP-1990. The
500-yr bin CAR generally declined from 10ka BP (30.0 g C-m yr?) to present (16.8 g C-m2 yrt) (Fig.
4(a)). This trend agrees with the core-derived data in Loisel et al. (2014) until 1.5 ka BP, when the cores
suggest increasing CAR during 1.5 ka BP to present (Fig. 4(a)). The correlation coefficient (r?) of long-
term core-derived CAR and the simulation-derived CAR is 0.25(Fig. 4(b)). In addition, our simulated
trend agrees with the trend in Nichols and Peteet (2019) (minimum soil C scenario), although our
estimates are higher after 5 ka BP (Fig. 4(a)).

The contemporary (c. 1990) peatland C stock is 396-421 Pg C depending on the peatland
coverage maps, with 404 Pg C corresponding to the average coverage (Table 1). Although peat C started
accumulation since 15ka BP, no significant increase is found until 11-12 ka BP (Fig. 5(a)), when peat C
accumulation, CO. and CH4 emissions increase simultaneously. In 1950 (Oka BP), with average peatland
coverage, the smoothed annual total decomposition is 303.9 Tg C- yr! (Fig. 5(b)).

3.3 Regional permafrost states in peatlands

In order to evaluate the accuracy of PTEM in simulating ALD and permafrost in peatlands, the
model results are compared with multiple datasets (Brown et al., 2000; Calm, 1991-; Hugelius et al.,
2020; Obu et al., 2020; Treat, Jones, et al., 2016¢; Yi & Kimball, 2020). In particular, the simulated
ALD in 1990 correlates better with satellite-derived Arctic ALD in 1997 (Obu et al., 2020) and satellite-
derived Alaskan ALD in 2001 (Yi & Kimball, 2020) (r>=0.66 and 0.33, respectively) than with the
circumpolar observation network data from (Brown et al., 2000; Calm, 1991-) (r>=0.14, Fig. 6(a-c)).
When comparing the simulated permafrost existence in peat in 1990 with the core record (Hugelius et
al., 2020; Treat, Jones, et al., 2016c), the accuracy is 0.75 (n=1504, Fig. 6(d)). Overall, PTEM captures
permafrost existence/absence in peat, especially in continuous permafrost and non-permafrost regions.

In the permafrost region, the deepening ALD from 15ka BP to 7ka BP indicates the part of
permafrost became warmer during this period (Appendix Fig. 6). However, this warming trend was mild
and did not cause permafrost distribution area shrink (Appendix Fig. 5 & 7). With the accumulation of
peat, permafrost area started to expand after 9ka BP, and continued to 7ka BP (Fig. 6). After 7ka BP, an
increasing trend in permafrost area was simulated for part of the pan-Arctic region, which peaked during
500a BP- 250a BP (Appendix Fig.7). The permafrost area increasing during 7ka BP-1ka BP was mild
compared with the trend after 1ka BP (Appendix Fig. 5). Although ALD in the cooling permafrost
region became shallower, the cooling was not severe enough to expand permafrost into most of the
originally non-permafrost region except for the European southern permafrost boundary during 3ka BP-
1ka BP (Appendix Fig. 7). Under both cooling permafrost and peat accumulation, permafrost expansion
in peat was faster during this period and peaked during 3ka BP-1ka BP (0.86 Mkm? under average
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peatland coverage, Fig. 6, Fig 8). Notably, while the northern permafrost became colder during 7ka BP-
1ka BP, the southern permafrost mostly became warmer (Appendix Fig. 6). During 1ka BP-750a BP
and 750a BP-500a BP, ALD showed more dynamics than before 1ka BP. In particular, during 1ka BP-
750a BP, permafrost area increase continued for northern and southern permafrost regions while
permafrost degradation dominated the middle permafrost region; during 750a BP-500a BP, ALD in most
permafrost regions became deeper except for the northern permafrost regions in Eurasia (Appendix Fig.
6). During 1ka BP-500a BP, occasional soil and peat permafrost expansion and shrinking was simulated
at the southern permafrost boundary (Appendix Fig. 7, Fig. 7).

More severe changes in ALD and permafrost existence were found after 500a BP. During 500a
BP-250a BP, a significant permafrost aggradation trend covered most of the permafrost regions
(Appendix Fig. 5 & 6), with permafrost distribution expanded at the southern permafrost boundary
(Appendix Fig. 7, Fig. 6). After 250a BP, a severe and overwhelming permafrost degradation trend
covered the pan-Arctic region, with more deepening ALD in the southern permafrost (Appendix Fig. 5
& 6). At the southern permafrost boundary, the region that developed permafrost in peat during the
cooling in 500a BP-250a BP mostly thawed, together with some regions that developed permafrost
before 250a BP (Fig. 7).

3.4 Changes in C fluxes during 500a BP-1990

The study region was categorized into three types of grids: ones that developed permafrost
during 500a BP-250a BP and thawed by 1990 (‘freeze-thaw”), permafrost grids and permafrost-free
grids. Fifty-year means of three time slices were used, including 500a BP-450a BP, 275a BP-225 a BP
and 1940-1990 to compare their C dynamics under different climate and permafrost conditions (Fig. 9).
The temperature variation during these three periods is similar under all permafrost conditions. In
particular, for the freeze-thaw, permafrost and permafrost-free grids, the median temperature in 500a
BP-450a BP dropped by 1.1°C, 0.5°C and 0.7°C in 275a BP-225a BP, respectively, then increased by
0.9°C, 1.5°C and 1.0°C in 1940-1990, respectively (Fig. 9 1(a-c)). Therefore, the permafrost region
showed the least cooling and the most warming. Meanwhile, from 500a BP-450a BP to 275a BP-225a
BP, the median permafrost-free peat thickness in the freeze-thaw and permafrost regions are similar
(differ by 1.1cm and 1.9cm, respectively). In contrast, this value in the permafrost-free region is larger
(4.0cm). From 275a BP-225a BP to 1940-1990, under warmer climate, the median permafrost-free peat
thickness in the freeze-thaw, permafrost and permafrost-free regions all increased by 10.0cm, 10.6cm
and 6.9cm, respectively (Fig. 9 2(a-c)). Notably, the permafrost-free peat thickness is the minimum of
ALD and peat thickness. In the permafrost-free and freeze-thaw region, this value is often peat
thickness, while in the permafrost region, this value tends to be ALD (Appendix Fig. 8). Median
decomposition in the freeze-thaw, permafrost and permafrost-free regions show the same trend that 275a
BP-225a BP was the lowest (126.5, 75.6 and 140.1 g C- m yr%, respectively), following by 500a BP-
450a BP (137.7, 75.8 and 143,1 g C- m yr!) and 1940-1990 (156.1, 85.7 and 158.2 g C- m? yr?) (Fig.
9 3(a-c)). Notably, the decomposition rate in warmer permafrost-free regions were generally higher than
that in the colder freeze-thaw regions and the coldest permafrost regions. During 500a BP-450a BP, the
median decomposition in the freeze-thaw and permafrost-free regions differed by 5.4 g C- m?2 yr?, while
this difference enlarged to 13.6 g C- m yr'! as permafrost aggregated in the freeze-thaw region.
Therefore, for the freeze-thaw region, the lower decomposition in 275a BP-225a BP was not only
caused by lower temperature, but also permafrost aggregation.

For the freeze-thaw and the permafrost-free regions, median NPP mainly kept increasing from
500a BP to 250BP and from 250BP to 1990 (by 8.4, 4.6 and -0.1 g C- m2 yrt). However, for the
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permafrost region, median NPP first slightly declined then increased (89.8 to 88.5 to 101.3 g C- m? yrt)
(Fig. 9 4(a-c)). For the freeze-thaw and the permafrost-free regions, as a result of lower decomposition,
the CAR in 275a BP-225a BP was the highest (30.2 and 20.2 g C- m2 yr't), higher than that in 500a BP-
450a BP (10.1 and 10.6 g C- m2 yr'!) and in 1940-1990 (19.9 and 9.1g C- m2 yrt). Notably, as a result
of the lower decomposition in the freeze-thaw region, the median CAR was 10.0 g C- m yr! higher
than the permafrost-free region during 275a BP-225a BP. For the permafrost region, the CAR kept
increasing from 500a BP-1990 (12.8 to 13.0 to 15.6 g C- m yr'1) (Fig. 9 5(a-c)).

4. Discussion
4.1 Peatland C stocks and fluxes

Our estimated northern peatland soil C stock is 396-421 Pg C depending on the peatland
coverage (Table 1). This range agrees with the values in Qiu et al. (2019), Hugelius et al. (2020) and
Spahni et al. (2013), is lower than the values reported by Nichols and Peteet (2019), Yu et al. (2010),
Loisel et al. (2014), Gorham (1991), and higher than the values in Hugelius et al. (2013) and Mller and
Joos (2021). The soil C spatial correlation (r value) between this study and Qiu et al. (2019) is 0.38-0.47
depending on peatland coverage map, is 0.49-0.60 between this study and Hugelius et al. (2013), and is
0.69-0.88 between this study and Hugelius et al. (2020) (Appendix Table 2). There are two reasons that
the correlation with Hugelius et al. (2020) is higher than that with the other two datasets. First, the run-
on parameters were calculated based on the peat thickness data in Hugelius et al. (2020), and run-on
influences WTD and thereby decomposition in PTEM (Zhao et al., 2022). Second, the soil C in Hugelius
et al. (2020) was derived by machine learning approach and the training samples include data from
thousands of peat cores. In this study, spatially-explicit peat C is sensitive to the Cmax value derived from
regional calibration, and the dataset used in our regional calibration has a substantial overlap with the
training samples in Hugelius et al. (2020). In general, both the spatial pattern and regional total of peat C
in this study agrees with multiple previous studies.

The spatially-explicit CAR from peat initiation 1990CE is presented in Appendix Fig. 9. An
obvious discrepancy between our simulated pan-Arctic temporal CAR trend and the core-derived CAR
trend in Loisel et al. (2014) is that the simulated 500-yr bin CAR was lower during 1.5ka BP-present
(Fig. 4(a)). However, this discrepancy with Loisel et al. (2014) is also found in Nichols and Peteet
(2019) and Chaudhary et al. (2020), both of which are modeling studies covering all northern peatlands.
A reason for this discrepancy could be that the core-derived CAR for shallow peat samples can be
biased high, due to incomplete decomposition of shallow peat (Young et al., 2019). Furthermore, the
core-derived long-term CAR generally agrees with the simulated CAR in the corresponding 0.5°%0.5°
grids, indicating the discrepancy in CAR in the recent millennia could be a result of insufficient core
sample availability. However, the regional long-term CAR values were the same in this study and Loisel
et al. (2014) (22.9 g C:'m2 yrlvs. 22.942 g C-m2 yr, Table 1). This CAR value is higher than the core-
derived value in Yu et al. (2009) and model simulation in Chaudhary et al. (2020) by 4.3 g C-m yr!and
1.5 g C:m? yr?, respectively, but falls within the range of Nichols and Peteet (2019), Turunen et al.
(2002) and Treat, Jones, et al. (2016a).

4.2 Holocene permafrost aggregation and degradation

The simulated ALD in 1990 correlates most closely with a satellite-derived ALD in 1997 (Obu et
al., 2020), followed by a satellite-derived ALD in 2001 (Yi & Kimball, 2020) and observed ALD in
different years (1990-2021) ((Brown et al., 2000; Calm, 1991-) (Fig. 6). The better correlation is found
when the temporal gap between two datasets is smaller and when more grids are available for
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comparison, while the difference in remote sensing estimation methodology may also influence the
correlation. As ALD becomes deeper across the northern hemisphere (Luo et al., 2016), the difference
between ALD in 1990 and 1997 should be less than the difference between 1990 and 2001, and between
1990 and various years during 1990-2021. Similarly, most of the bias between simulated permafrost-in-
peat in 1990 and core observation occurs in the southern permafrost region while the cores data show no
permafrost (Fig. 6(d)). Previous study has suggested severe ALD deepening and permafrost degradation
in the southern permafrost region during 1982-2015 (Peng et al., 2020). As the cores were mostly
collected after 1990 (Hugelius et al., 2020; Treat, Jones, et al., 2016a), it is possible that some cores in
this region having deep ALD in 1990 were thawed by the time of core collection.

Consistent with the paleo-temperature database, TraCE dataset shows that Holocene global mean
surface temperature reached peak around 6.5 ka BP during the Holocene Thermal Maximum (HTM)
(Kaufman et al., 2020) (Appendix Fig. 10), the simulated ALD generally became deeper until 7ka BP.
During 7ka BP-6ka BP, a multiproxy paleo-climate dataset indicates that Neoglacial cooling started in
the northern hemisphere, with different start time in different regions (Mckay et al., 2018). This cooling
trend is consistent with the decrease of ALD during 7ka BP-5ka BP simulated in this study (Appendix
Fig. 6). Meanwhile, the peat core data indicate permafrost development in Alaska, Siberia and Arctic
Canada before 4ka BP (Treat & Jones, 2018), which is consistent with the permafrost in peat distribution
in 7ka BP and 5ka BP (Fig. 7). During Neoglacial cooling, we simulated a widespread permafrost
expansion which peaked during 3ka BP-1ka BP. Both our simulation and core data suggest permafrost
distribution increased in Arctic Canada, eastern Northern America, and Arctic and European Russia
after 3ka BP (Treat & Jones, 2018). After 1ka BP, the simulation showed deepening ALD in most of the
permafrost regions during 1ka BP-500a BP, which was approximately Medieval Climate Anomaly
(MCA) when most of Eurasia Arctic and parts of North America warmed (Mann Michael et al., 2009).
During 500a BP-250a BP, ALD generally became shallower in permafrost region (Appendix Fig. 6),
with permafrost expansion found in west Eurasia. This period is approximately the Little Ice Age (LIA),
when cooling dominated the Northern Hemisphere (Mann Michael et al., 2009). The deepening of ALD
and permafrost coverage shrink in west Eurasia after 250a BP reflects the increase of greenhouse gas
emissions, radiative forcing and temperature since 1750 (Ipcc, 2007). In general, the temporal trend of
the simulated ALD and permafrost in peat agrees with the paleo-climate dataset and core information.

4.3 Influence of climate change on peat carbon accumulation rate

During 500a BP-250a BP, the onset of the LIA triggered permafrost aggradation in west Eurasia,
which made the median CAR 10.0 g C- m yr! higher than that in the permafrost-free region. From the
LIA to the Anthropocene warming, the freeze-thaw and the permafrost-free region had the highest CAR
during LIA. This is consistent with the core-based study in the discontinuous and sporadic permafrost
region, indicating CAR was the highest during LIA (Zhang et al., 2018). However, for the permafrost
region, CAR was the highest during 1940-1990 and the same trend is found in western Canada that rapid
surficial C accumulation makes up for the deep soil C loss (Heffernan et al., 2020). Under Anthropocene
warming, with a similar increase in NPP in three regions (8.5-13.2 g C- m2 yr?), the different responses
of CAR result from the different increases in decomposition rates. Previous studies suggest that both
CHs and COz emissions increase approximately exponentially with temperature below 25°C (Curiel
Yuste et al., 2007; Lupascu et al., 2012). Therefore, under the relatively cold climate in the pan-Arctic,
the similar temperature increase has different effects in the warmer southern region and colder northern
regions. In particular, in the warmer freeze-thaw and permafrost-free region, median decomposition
rates increased by 18.1-29.6 g C- m2 yr, but 10.1 g C- m2 yr'! in the colder permafrost region, lower
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than the median NPP increase. Therefore, Anthropocene warming enhances C accumulation in the
permafrost peat, but weakens the C sink in the newly thawed and permafrost-free peat.

Our study agrees with previous modelling, indicating that northern peatlands are still a C sink,
and regional NPP has increased more than decomposition under Anthropocene warming (Qiu et al.,
2019). Furthermore, peatlands will still be a C sink until at least 2100 under various RCP conditions
(Mcguire et al., 2018; Qiu et al., 2020). These modeling studies indicate that despite decomposition
increasing more rapidly than NPP under warming conditions, the warming during 1750-2100 does not
make decomposition high enough to override NPP. However, temperature is very likely to keep
increasing after 2100 (Palmer et al., 2018), resulting in further permafrost warming (Peng et al., 2020)
and permafrost degradation in various regions (Czerniawska & Chlachula, 2020; Plaza et al., 2019). As
a result, part of the current permafrost region will likely switch to newly-thawed or permafrost-free
conditions, where decomposition increases faster than NPP does under the same warming. For instance,
by 2100, the northern peatland C sink is projected to be stronger under RCP 2.6 and 6.0 while weaker
under RCP 8.5 (Qiu et al., 2020). When projected to 2300, under severe warming scenarios, northern
peatlands are likely to become a C source (Muller & Joos, 2021; Qiu et al., 2022), especially when also
considering the impacts of other disturbances such as land use, fire and drainage (Frolking et al., 2011;
Loisel et al., 2021).

5. Conclusions

Our machine learning approach reasonably estimated peat basal ages of northern peatlands. Our
simulated regional peatland C stock and long-term carbon accumulation rate are consistent with the
literature. We estimate that regional peatland C stocks are 396-421 Pg C depending on peatland
coverage, and that the regional mean Holocene carbon accumulation rate has been 22.9 g C-m2 yr. The
PTEM simulated active layer depth agrees with multiple datasets, and thereby we reconstruct the
permafrost development in peat from 15ka BP to 1990. Peat permafrost development generally started
around 7ka BP, peaked during 3ka BP-1ka BP, and has stabilized since 1ka BP. The temporal dynamics
of active layer depth and permafrost dynamics are generally consistent with the timing of the Holocene
Thermal Maximum (~11ka-5ka BP), Neoglacial cooling (~7ka-2ka BP, various in different regions), the
Medieval Climate Anomaly (~1ka-750a BP), the Little Ice Age (~550a-250a BP) and Anthropocene
warming (since ~200a BP).

From the Medieval Climate Anomaly to Anthropocene warming, we have classified northern
peatlands into three categories depending on the permafrost condition: the region that developed
permafrost in the Little Ice Age and thawed in the Anthropocene, the persistent permafrost region, and
the permafrost-free region. We found that peatland C fluxes respond to climate warming differently in
these three regions. As the freeze-thaw and permafrost-free regions are warmer, Anthropocene climate
warming enhances decomposition more than NPP and thereby the C sink capacity decreases or is lost.
On the contrary, the colder permafrost region showed higher carbon accumulation rates under
Anthropocene warming due to NPP increasing more than decomposition. Therefore, under future
climate warming, the current permafrost region will likely switch to less permafrost or permafrost-free
conditions, and the C sink capacity of peatlands will decrease.
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Figure 2. (a) The training basal dates of pan-Arctic peatlands (units: year BP); (b) the training and predicted
basal dates of pan-Arctic peatlands (units: year BP); (c) log10 of the average peatland coverage percent, where
grid cells with <1% peatland coverage are left blank; (d) cumulative distribution function (CDF) (0-1) of the
training and predicted basal date dataset and the fitted line of the training CDF.
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614  Figure 9. Temperature, unfrozen peat thickness, CH4 emissions, CO2 emissions, NPP and CAR of the grids that
615 (a) permafrost formed during 500a BP-250a BP and thawed during 250a BP-1990CE; (b) permafrost persisted
616  during 500a BP-1990CE; (c) permafrost did not exist during 500a BP-1990CE. The grey lines in the boxes are
617  median values of the 50-year average values, box are interquartile range (25%-75%) values, and whiskers are
618 the most extreme values not considered outliers.
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620 Table 1 Comparison between regional peat C stocks and CAR

Regional SOC stocks (Pg C)

Source

397

421

396

404

408

300
545-1045
400

547

436
365-550
351

455

Holocene CAR (g C:m2 yrt)

This study (with Melton et al. (2022) peatland coverage)
This study (with Hugelius et al. (2020) peatland coverage)
This study (with Xu et al. (2018) peatland coverage)
This study (with average peatland coverage)

Qiuetal. (2019)

Hugelius et al. (2013) (Top soil 3m)

Nichols and Peteet (2019)

Hugelius et al. (2020)

Yu et al. (2010)

Loisel et al. (2014)

Spahni et al. (2013)

Mller and Joos (2021)

Gorham (1991)

22.9 This study
22.9+2 Loisel et al. (2014)
18.6 Yu et al. (2009)
19.7-50.5 Nichols and Peteet (2019)
21.4 Chaudhary et al. (2020)
17.3-26.1 Turunen et al. (2002)
14.2-23.2 Treat, Jones, et al. (2016a)
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623
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